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We review the consequences of neutrino mixing in the early universe. For both active-sterile mixing or mixing
between three active neutrinos only, the consequences of oscillations depend crucially upon the size of the universe’s
lepton number (relic neutrino asymmetry.)
1. Introduction
The relic neutrino background has never been
directly detected, so we must resort to indirect
means to infer its properties. One of the most
useful tools available is Big Bang Nucleosynthe-
sis (BBN). By putting neutrino oscillations to-
gether with BBN, we may shed light on neu-
trino mixing, cosmology, or both. We will out-
line the consequences of oscillations of the relic
background neutrinos, for both active-active and
active-sterile oscillation modes. The central issue
we shall probe is: how big is the universe’s lepton
number?
While the baryon asymmetry of the universe is
well determined, nB/nγ ≃ 5 × 10
−10, the size of
the lepton asymmetry is unknown. The simplest
assumption is that the baryon and lepton asym-
metries are of the same size, as would be the case
ifB−L were conserved. However, there are viable
models in which L may be large while B is small.
Given constraints on charge neutrality, any large
lepton asymmetry would have to be hidden in the
neutrino sector.
Since neutrinos and antineutrinos should be
in chemical equilibrium until they decouple at
a temperature T ∼ 2 MeV, they may be well-
described by Fermi-Dirac distributions with equal
and opposite chemical potentials:
f(p, ξ) =
1
1 + exp(p/T − ξ)
, (1)
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where p denotes the neutrino momentum, T the
temperature, and ξ the chemical potential in
units of T . The lepton asymmetry Lα for a given
flavour να is related to the chemical potential by
Lα =
nνα − nν¯α
nγ
=
pi2
12ζ(3)
(
ξα +
ξ3α
pi2
)
, (2)
where ζ(3) ≃ 1.202. A nonzero chemical poten-
tial results in extra energy density, such that the
effective number of neutrinos is increased from
the standard model prediction by
∆Nν =
30
7
(
ξ
pi
)2
+
15
7
(
ξ
pi
)4
. (3)
Large chemical potentials affect BBN in two
ways:
1. The extra energy density increases the ex-
pansion rate of the universe, thus increasing
the BBN helium abundance, and also alters
the CMB results. This sets the weak bound
|ξα| . 3, for all three flavours.
2. An additional, much stronger, limit can be
placed on the νe – νe asymmetry, as it di-
rectly effects the neutron to proton ratio
prior to BBN by altering beta-equilibrium.
(Beta-equilibrium is between the weak in-
teractions n + νe ↔ p + e
− and p + ν¯e ↔
n+ e+.) For example, positive ξe increases
the νe abundance relative to ν¯e, thus lower-
ing the neutron to proton ratio and decreas-
ing the helium yield. This sets the limit
|ξe| . 0.04.
2However, it is possible that the two effect com-
pensate for each other, i.e., the effects of a small
ξe are partially undone by an increased expansion
rate due to a large ξµ,τ . In this case the bounds
become [1]:
− 0.01 < ξe < 0.22 , (4)
|ξµ,τ | < 2.6 , (5)
where the upper limits are obtained only in tan-
dem.
2. Oscillations between three active neu-
trino
Since we know neutrinos oscillate, the individ-
ual lepton numbers Le, Lµ and Lτ are violated
and only the total lepton number is conserved.
It was suggested in Ref. [2] (see also [3]) that
the large neutrino mixing angles implied by the
present data may lead to equilibration of all three
flavours in the early universe. If a large asymme-
try hidden in ξµ,τ were to be transfered to ξe well
before weak freezeout at T ≃ 1 MeV, the strin-
gent BBN limit on ξe would then apply to all
three flavours, improving the bounds on ξµ,τ by
nearly two orders of magnitude.
This proposal was recently studied in detail in
Refs. [4,5,6], where close to complete equilibra-
tion of the asymmetries ξµ,τ with ξe was found.
The equilibration takes place when T ∼ 2 MeV
via an MSW transition which is driven by the so-
lar mass squared difference. (It is actually more
complicated than a normal MSW transition, as
forward scattering from other neutrinos in the
background medium introduces a non-linear con-
tribution to the effective potential [7]. This has
the effect of synchronizing the neutrino ensemble
such that all momentum modes go through the
MSW resonance together, with parameters gov-
erned by an effective momentum, which is close
to the thermal average. See [4,5,6,8] for details.)
This MSW transition converts the initial flavour
states (which are approximately mass eigenstates
at high temperature) into vacuum mass eigen-
states, which, due to the large solar mixing angle,
have large components of all three flavours.
This equilibration is an important result, as it
excludes the possibility of degenerate BBN [9],
and is the strongest limit on the total lepton num-
ber of the universe and is likely to remain so for
the foreseeable future. In terms of extra relativis-
tic degrees of freedom, the limit is impressively
tight: If ξe,µ,τ = 0.04, then ∆Nν ≃ 3 × 0.0007 =
0.002. One implication is that cosmological con-
straints on (and future measurements of) neu-
trino masses will not be subject to uncertainty
in the relic neutrino density.
Strictly speaking, one version of the degenerate
BBN scenario is still possible: It is conceivable
that ξe ∼ ξµ ∼ ξτ ∼ 0.2, provided that another
relativistic particle species contributes the extra
energy density required to compensate for the
large νe chemical potential [5,10]. This extra en-
ergy density can no longer consist of active neu-
trino, so would have to be something more exotic.
Such an unnatural scenario could eventually be
detected via the CMB.
3. Active-sterile oscillations
Active-sterile oscillations before the time of
BBN are potentially dangerous, as they may
bring the sterile degrees of freedom into ther-
mal equilibrium, thus increasing the expansion
rate and thereby upsetting the successful predic-
tions of BBN. All models which seek to explain
LSND [11] via the addition of a sterile neutrino
suffer from this problem. Since the LSND mix-
ing angle is relatively large, the sterile neutrino is
always thermalised [12].
The rate at which the sterile species is popu-
lated is
Γ(να → νs) ≃
1
2
Γscatt sin
2 2θm, (6)
where Γscatt is he active-neutrino collision rate,
and θm is the matter affected mixing angle. How-
ever, it is possible to avoid thermalisation of the
sterile, by invoking the presence of a small relic
neutrino asymmetry [13]. This provides an index
of refraction, which suppresses the active-sterile
mixing angle so that the rate of sterile produc-
tion is negligible, until after the neutrinos ther-
mally decouple from the rest of the plasma.
34. Cosmological neutrino mass limits, and
4-neutrino models
The absolute neutrino mass scale may be
probed via cosmological means through large
scale structure measurements, as free streaming
of neutrinos suppresses the growth of structure
on the small scales that are within the horizon
while the neutrinos are relativistic. The current
limit is roughly
∑
mν . 1eV, depending some-
what on how conservatively parameter degenera-
cies are priors are treated [14].
Since the LSND mass squared difference is
∼ O(eV), if all 4 neutrino species are popu-
lated in the universe, the cosmological mass limits
constrain the LSND parameter space. However,
BBN considerations already disfavour scenarios
in which a 4th neutrino is populated. If we avoid
the thermalisation of the sterile state (via the
presence of a lepton asymmetry) it may have two
desirable consequences: In addition to eliminat-
ing the BBN problems, the large scale structure
mass limits may also be avoided. For instance,
if we have a 3+1 model in which the heaviest,
isolated, mass state consists mostly of the sterile
neutrino, the abundance of this heavy state (and
hence its contribution to Ων) will be small.
5. Conclusions
Large angle MSW transitions lead to neutrino
flavour equilibration in the early universe. This
sets the strongest limit on the universe’s lepton
number, because stringent constraints on the νe
– νe asymmetry can now be applied to all three
flavours. The possibility of “degenerate” BBN is
thus eliminated, thereby removing a possible un-
certainty in cosmological determinations of neu-
trino mass.
Sterile neutrino are cosmologically disfavoured
if they are brought into thermal equilibrium be-
fore BBN. While all sterile neutrino models which
can accommodate LSND suffer this problem, the
constraints can be avoided by the presence of a
lepton asymmetry, which prevents thermalisation
of the sterile, thus avoiding both BBN limits and
large scale structure mass limits.
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